Abstract.
Introduction
A significant problem in abandoned mine lands is the stabilization of unstable slopes. According to Iannacchione et al., (1994) In Kentucky alone, $45 million was spent during this period on 268 landslides.
In an attempt to reduce the cost of landslide remediation as well as to provide more efficient alternatives for landslide remediation, several new systems have been considered. One of the systems considered is an anchored geosynthetic system (AGS), which was proposed by Koerner (1984 Koerner ( , 1985 Koerner ( , 1986a and Koerner and Robbins (1986c) in the mid-1980s.
To evaluate this system an AGS was installed and monitored on a landslide associated with an abandoned mine site near Hindman located in Eastern Kentucky (Figure 1 ).
The basic function of an AGS is to provide active stabilization of the slope through tensioning a geosynthetic over a slope using ground anchors as illustrated in Figure 2 . As the soil beneath the geosynthetic deforms, membrane stresses develop in the tensioned geosynthetic and impart a compressive load onto the slope, which increases the stability of the slope. According to Koerner, anchorage of the geosynthetic is achieved with small diameter, ribbed steel rods (rebar) that are driven into the soil using hand held tools such as a vibropercussion hammer. The anchors are driven on a prescribed grid pattern through the geosynthetic, generally at right angles to the ground surface, to approximately 7 5 to .90% of their designed depth. The geosynthetic is then fastened to the anchor and the anchor is driven the remaining distance, thereby tensioning the geosynthetic and creating a curved geosynthetic-soil interface as the soil deforms the soil below the geosynthetic. This tension and curvature imparts compressive stress to the soil and an uplift loading on the anchor. According to Vitton (1991) , this compressive stress, anr, which is applied to the soil from the geosynthetic through membrane action, is directly related to the tension, N, in the geosynthetic (developed by the driving force of the anchor) and inversely related to the radius of curvature, re, of the geosynthetic-soil interface (from the deformation of the soil beneath the geosynthetic) as follows and for 1.
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(1) Koerner (1986a) Cross-section of an anchored geosynthetic system. To date, only limited field research has been conducted on AGS. As previously stated, the original design concept was developed by Koerner (1984 Koerner ( , 1985 , who also performed the first theoretical AGS slope stability analysis (Koerner and Robins, 1986) . Other theoretical work was done by Hryciw (1991, 1992) , who calculated the optimum length and orientation of soil anchors in cohesionless soils, and by Greenwood (1985) , who analyzed a soft clay slope that was remediated with a geogrid connected to duck-billed anchors. Two field installations were completed by Koerner (1986) using a woven slit-film geotextile.
This fabric was fitted with grommets on a 1.5 m (5 ft) triangular pattern and anchored to the slope using 13 mm (0.5 in) diameter steel rods. These rods were 1.2 m (4 ft) long and were coupled together to create total anchor lengths of 1.2 m (4 ft) to 7.3 m (24 ft). These lengths were varied so as to penetrate the potential failure plane by at least a meter.
This design was used to stabilize a 10.7 m (35 ft) high, 60° slope of silty sand and a 4.5 m (15 ft) high, 50° slope of silty clay. Both slopes remained stable for one year, but no information has yet been published on the long-term effects of the installations.
Vitton's (1991) research, however, revealed that for cohesionless soil, the deformation of the geosynthetic-soil interface is limited to an area immediately around each anchor. This and the development of interface frictional forces on the geosynthetic limit the compressive load that can be applied to the slope. Vitton also noted that stress relaxation of the geosynthetic limits the amount of time that the system is in tension.
Research Site
The research site selected is located in Eastern Kentucky and is approximately 1. 5 km south of Hindman, Kentucky in Knott County as shown in Figure  1 . Due to the volume of the spoil, some of it was kept at the site in an uncompacted head-of-hollow fill.
In constructing the fill, part of an adjacent slope, which had not been disturbed by the original landslide, was cut back to allow for a drainage ditch to be constructed around the head-of-hollow fill.
The undercut slope eventually failed in 1988 and was remediated in 258 1991.
The slide failed again in 1993. The main cause of the instability was groundwater seepage, which was observed in at least three locations within the landslide.
Due to the nature of this slide and size of the adjacent landslide, this landslide was selected for the installation and evaluation of the AGS. A cross-section of the slide is shown in Figure 3 while a plan view of the landslide area is shown in Figure 4 . The slope in which the slide occurred consists of colluvial soils formed from the overlying rock formations and containing significant sandstone fragments.
The uses classification for the soil is ML, a sandy silt. performed on shelby tube samples taken from the site. The drained strength parameters were found to be as follows; the effective angle of internal friction,
was approximately 33°, while the effective cohesion, c', was approximately 3.5 kPa.
The undrained shear strength, Su, was approximately 23 kPa (1100 psf).
This would indicate a soil of medium consistency.
However, the undrained shear strength would be expected to be significantly less during the wetter spring months when the natural water content was higher.
System Design and Installation
The general design of the AGS installed followed the original system proposed by Koerner (1984) The components of the AGS consisted of (1) geotextile, (2) GTF-lOOOT, a woven polyester geotextile. This fabric has a tensile strength of 160 kN/m (925 lb/in) in the warp direction and 140 kN/m (800 lb/in) in the fill direction. The fabric strength selected was based on the pullout resistances of the ground anchors in field tests at the site in Kentucky. According to Van Zaten, (1986) , if the tension in a polyester geotextile is kept below 60% of its ultimate strength the problem of creep and stress relaxation in the geotextile is minimized. Therefore, to minimize creep and stress relaxation, the strength of the geotextile selected was such that when the loading from the ground anchor approached 60% of the strength of the geotextile the anchor pullout capacity would be exceeded and the anchors would start to pullout. In addition, this allows for a continuous load on the soil in the case of slope movement, as noted by Vitton (1991).
It was decided that one 15 m ( 50 ft) by 24 m (80 ft) sheet of geotextile plus two cut sections of one 3.8 m (12.6 ft) by 30 m ( 100 ft) roll would be sufficient to stabilize the site. The polyester geotextile was sensitive to UV radiation, so to reduce the exposure of the geotextile to the sun, a thin sheet of a nonwoven Linq' s Typar was placed over the entire installation and secured to the tops of the anchors and simply acted as a sacrificial material.
Anchors
Informal driving tests at the University of Alabama demonstrated that anchors could be driven sufficiently by a Hilte TE804 electric demolition hammer powered by a 4000 watt generator. The demolition hammer was used to strike a custom-made driver head threaded over the protruding end of the anchor as shown in Figure 5 . As a contingency, extra driver heads were made to fit a 13 N (60 lb) pneumatic jackhammer that was rented, along with a compressor, if necessary. Two anchor materials were considered: rebar and an A36 cold-rolled steel.
Driving tests revealed that the rebar was too brittle for dynamic driving.
The extreme vibrations caused by the impacts of the demolition hammer often caused the rods to twist apart or break.
The cold-rolled steel rods, on the other hand, were more ductile due to the higher quality of steel. Therefore the rolled steel, despite being more expensive, was chosen over the rebar as the anchor material.
Since it is important to have the AGS anchors driven deep enough to penetrate the potential failure plane of a slope, a total anchor length of 3.9 m (13 ft) was chosen for the site based on an estimated maximum depth to the original failure plane of about two meters (7 ft). The total anchor assembly length consisted of four rods: (3) 1.2 m ( 4 ft) lengths and ( 1) . 3 m ( 1 ft) length. The 0.3 m section was the last rod to be driven, and was threaded along its entire length to facilitate the assembly and tightening of the anchorgeotextile connection.
Early in the anchor testing process, the test rod lengths were manufactured with threaded male and female ends as illustrated in the lefthand portion of Figure 5 . These rods could simply be twisted together without the need for any type of fastener or coupler. Driving tests showed that these unreinforced connections were vulnerable to shearing failure during driving. The new test rods were made with both ends turned down and threaded. These rods were connected by an external coupler as shown in the right-hand portion of Figure 5 . This design proved sturdy, however, the jackhammer's dynamic driving action, which resulted in considerable vibrational movement of the top portion of the anchor, caused the anchor hole to enlarge at the surface.
While this allowed room for the coupler, which had a somewhat larger diameter, to be driven into the soil, it also minimized the pullout resistance of the anchor since it prevented all but the first rod of the anchor assembly from having good contact with the soil. To minimize this problem, the first rod used in driving was increased from 1.2 m to 1.8 m (6 ft) in length as shown in Figure 5 . The last section in the assembly was machined to a length of 0.6 m (2 ft) to maintain an overall anchor length of 3.9 m. to resistance with the Hilte TE804, then pulled out of the ground using a hydraulic lift or a forklift.
The 13 mm diameter rods tended to wander during driving, creating a hole that was not straight.
This added to their pullout resistance, but the larger diameter rods had higher overall pullout resistance due to the increased soilinterface area.
The demolition hanuner was unable to effectively drive the 25 mm diameter anchor as deeply as the other anchors and were not considered further.
The 13 mm and 19 mm diameter rods were then field-tested at the research site in Kentucky using the Hilte TE804.
Pullout results showed a significant increase in resistance for the 19 mm diameter anchors over the 13 mm rods and therefore 19 mm diameter rods were used in the installation. 
Anchor-Geotextile Connections
The entire anchor geotextile connection assembly used in the installation is shown in Figure 8 on the geotextile in geotextile creep or anchor tightening bolts were used AGS after anchor driving and at later dates.
Installation
the event of movement. The to tension the was completed Installation of the AGS was started on December 1, 1993.
A bulldozer was first used to placed the failed soil back up slope and to provide a more level surface for placement of the geotextile. Since some soil had been removed from the landslide in 1991, the bulldozer was unable to match the original volume and grade of the slope but did manage to adequately place the remaining material back up slope. It was very difficult in the upper portions of the slide due to very wet ground conditions, which at times were very soft. However, a relatively level surface was created in which to apply the AGS.
Due to the smaller than expected area to be remediated, only the 15 m by 24 m geotextile was needed to secure the slope.
Access to the landslide was limited, especially at the top of the slope, so it was necessary to manually place the fabric.
Four people were able to lift the geotextile over a ditch, unroll it up the slope, and drag it into final position, though this was accomplished with difficulty.
As anchor driving began, all three available driver heads for the Hilte demolition hammer failed.
At this time The first attempt to complete the AGS installation took place in March of 1994. This followed a very wet and snowy winter in which a portion of the slope beneath the geotextile, which had been placed in December, failed. Fortunately, however, it appeared that the seven anchors driven in December prevented this portion of the slope from completely failing downslope.
To complete the AGS installation a 13 N ( 60 lb) pneumatic jackhammer and diesel compressor was used in place of the electric demolition hammer and generator. The jackhammer was generally adequate for driving the ground anchors. The extensive sandstone fragments in the colluvium, however, caused difficulty in driving the anchors.
Frequently, when the anchors encountered the sandstone fragments the anchor would either force the fragment out of the way or would penetrate through the fragment, which was indicated by difficult anchor driving followed by relatively easy anchor driving, i.e., the anchor would break through the fragment. In two cases, the anchors met resistance and could not be driven further.
It was also observed that when an anchor hit a significant sandstone fragment, excessive vibrations would develop in the anchor causing additional enlargement to the anchor hole and reducing the anchor's pullout capacity.
The soil conditions below the geotextile ranged from firm at the base of the slide to extremely wet near the top of the slide.
In some areas, even walking on the geotextile caused significant deformation of the geotextile.
However, even in the very wet areas driving of the anchors resulted in little to no general deformation of the soil between the anchors. Only very local deformation in the vicinity of the anchor occurred, which was generally within 30 cm or less of the anchor.
A total of four people completed the installation.
One person worked ahead of the jackhammer laying out the anchor pattern using a fabricated triangular template which was 1.4 m (4.6 ft) on each side. By using this template the hexagonal anchor pattern could be properly positioned.
This person would slide the anchor through the fabric making sure that the geotextile was not ruptured and then drive the first rod section as deeply as possible using a simple post-hole driver.
Two people were required to lift and operate the jackhammer due to the difficulties of working on a steep slope with a heavy jackhammer. A third person assisted by screwing on the driver head, guiding the jackhammer onto the head when it was lifted, and holding the driving head in place during driving since the head would often vibrate loose and damaging the rod threads if constant tightening wasn't maintained.
Because the depth of relatively soft, failed material was less than anticipated, anchor refusal during jackhammer driving occurred at depths less than the designed anchor length of 3. 9 m.
Most anchors in the completed system could only be driven 2.7 m (9 ft), while some anchors in the upper third of the AGS could only be driven 2. 1 m ( 7 ft).
The upper right corner of the AGS was unsecured because ground resistance in that area prevented the 1.8 m pointed rods from being driven completely, so the anchored geotextile connection could not be attached.
All but two of the anchors penetrated the shallow failure plane of the slope, though not by the 1.5 m (5 ft) suggested by Koerner (1990) .
Due to the difficulties in driving and the smaller area to be remediated, only 172 anchors were used to secure the slope as shown in Figure 9 then the planned 225 anchors.
Field Performance
Monitoring of the AGS included the use of anchor load cells, soil pressure gages, a rain gage, and a temperature probe. The purpose of these instruments was to record the responses of the AGS and the soil to the slope remediation process and changes in the weather. A significant concern on anchor installation was that since the soils consisted of fine-grain materials, the initial pullout capacity of the anchor would be limited due to possible excess pore pressures build up during anchor driving, which would have to dissipate to achieve expected pullout capacity. Therefore, tensioning of the system was designed to be accomplished by the tightening bolt on each anchor sometime after the initial driving and not by the initial driving as suggested by Koerner (1984) .
Nine load cells were installed to measure the tension in the anchors. This was done to determine the load that the anchors placed on the geosynthetic and whether or not this tensile load could be maintained over time.
The load cells were fabricated from .3 m (1 ft) lengths of 19 mm diameter threaded steel as illustrated in Figure  10 . After installation of the load cells, the assembly was tightened to tension the anchor and geosynthetic. The force in the anchor was recorded during and immediately after the tightening as well as for long-term changes. All load cells recorded an anchor load of between 110 N (500 lb) and 340 N (1500 lb) immediately after tightening. This load decayed to zero in ten to twenty days. An example of this is shown in Figure 11 , where the loss in load occurs within 12 days. The load loss was believed to be due to geotextile relaxation or to local soil displacement, which resulted from soil consolidation in close proximity to the anchors, as opposed to pullout of the anchors, since anchor displacement measurements were made during tensioning that indicated little to no displacement of the anchor occurred at the time of loading. However, since the slope consisted of fine-grained soils it was also possible that soil creep along the length of the anchor could be responsible for the load loss.
After the AGS was completely installed, each anchor was tagged and numbered and surveyed using a laser theodolite. The site was first surveyed on July 11, 1994 and on an approximate two month intervals through July of 1995. The surveying showed negligible to no anchor movement for the entire monitoring period.
;; .., Anchor load changes in response to wet or dry periods were of interest as this could indicate potential slope movement in wet seasons or a shrink/swell phenomena, but no such changes were observed.
However, increases of up to several hundred pounds were recorded during particularly cold weather. These spikes occurred in response to a sudden drop in air temperature to about -15° C. Closer inspection revealed trends of higher loads during colder weather and lesser loads during warmer spells. These changes are probably due to the thermal expansion and contraction of the imbedded steel anchors rather than any changes in the soil itself. The thermal changes in the steel also probably cause the daily fluctuations in load cell readings. In general, the loads reach a maximum overnight and quickly drop in the morning. This is consistent with the suspected thermal expansion and contraction of the anchors.
Before the placement of the geotextile, five soil pressure gages were installed approximately 0.6 m (2 fti below the ground surface at various points along the slope. Three gages were located beneath the geotextile and two gages were located below the geotextile perimeter and were not influenced by the AGS. All anchors were driven (the system was completely installed) before the datalogger was available to read the soil pressure gages. Therefore, it is not known if any pressure increases occurred during the tensioning of the geotextile over the slope. This is an important deficiency, as soil pressure increases would indicate possible soil consolidation, a major purported benefit of an AGS, However, two gages were relatively near load cell positions, where anchors were tightened on September Therefore, there was insufficient curvature, re, or long term tension, N, in the geotextile to develop a compressive loading to the soil.
While, all gages did show some increase in pressure due to rainfall events, the increases were small (typically less than 35 kPa (5 psi)), and were usually caused only with significant rainfall.
It was concluded from the measurements made during this research, therefore, that the active stabilization of a slope by tensioning of the geotextile over the soil slope was not successful. However, based on the AGS's field performance, it is believed that other functions of the AGS did improve slope stabilization such as the effect of soil nailing from the anchors, halt of slope creep movement, and erosion control.
Cgnclµsions and Comments
An abandoned mine land landslide located in Eastern Kentucky was remediated using an anchored geosynthetic system.
Installation of the system took approximately two and half weeks utilizing four installation personnel although equipment failure and poor weather extended the installation to a period of four months.
A high strength geotextile was used as the membrane and was anchored using steel ground anchors. The driving of the anchors was accomplished using a 13 N (60 lb) pneumatic jackhammer.
The AGS was monitored using load cells, soil pressure cells, along with temperature and precipitation measurements over a period of about one year. Conclusions from this installation are as follows: 265 1.
Although portions of the slope were very wet and soft, anchor driving was unable to deform the soil below the geotextile and thus minimal compressive loading was applied to the slope since limited curvature of the geotextile-soil interface developed. 2.
Tensioning of the geotextile by the ground anchors was lost within ten to twenty days of application. The loss of load was believed to be a combination of soil consolidation immediately below the anchor-geotextile connection where most of the deformation occurred, and stress relaxation in the geotextile.
Consequently, even if sufficient deformation developed, constant retensioning of the geotextile would be required.
